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Abstract 
LaTi2Al9O19 (LTA) exhibits promising potential as a new kind of thermal barrier coating (TBC) material, due to its excellent 
high-temperature capability and low thermal conductivity. In this paper, LTA/yttria stabilized zirconia (YSZ) TBCs are pro-
duced by atmospheric plasma spraying. Hot corrosion behavior and the related failure mechanism of the coating are investigated. 
Decomposition of LTA does not occur even after 1 458 hot corrosion cycles at 1 373 K, revealing good chemical stability in 
molten salt of Na2SO4 and NaCl. However, the molten salt infiltrates to the bond coat, causing dissolving of the thermally grown 
oxide (TGO) in the molten salt and hot corrosion of the bond coat. As a result, cracking of the TBC occurs within the oxide 
layer. In conclusion, the ceramic materials LTA and YSZ reveal good chemical stability in molten salts of Na2SO4 and NaCl, 
and the bond coat plays a significant role in providing protection for the component against hot corrosion in the LTA/YSZ TBCs. 
LTA exhibits very promising potential as a novel TBC material. 
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1. Introduction1 
Thermally sprayed thermal barrier coatings (TBCs) 
have been used successfully in gas turbine components 
to protect the metal parts from hot burner gases, lead-
ing to further increase in operating temperature and 
decrease of the amount of cooling air [1-4]. Nowadays, 
state-of-the-art 7wt%-8wt% yttria stabilized zirconia 
(YSZ) is widely used as a standard TBC topcoat mate-
rials [5-6]. However, the most critical issue for YSZ is 
the limited operation temperature (<1 523 K) for long- 
term applications. At higher temperature, phase trans-
formations and porous coating sintering result in the 
formation of cracks in the coating and higher thermal 
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conductivity, which would accelerate the spallation 
failure of TBCs [7-8]. Therefore, investigation of novel 
TBC materials with ultra-high temperature capability, 
low thermal conductivity and long-term life time is a 
key problem for next-generation turbine engines. 
Some ceramic materials, such as La2O3-Y2O3-ZrO2 [9], 
Gd2O3-Y2O3-ZrO2 [10], La2Zr2O7 [11], La2Ce2O7 [12], 
LaMgAl11O19 [13] and other rare earth doped zirconia [14-15], 
have been investigated as potential TBC materials. 
Recently, LaTi2Al9O19 (LTA) has been proposed as 
a novel TBC material because of its low thermal con-
ductivity, high thermal expansion coefficient and ex-
cellent high-temperature stability for application up to 
1 773 K [16-17]. A double-ceramic-layer LTA/YSZ TBC 
survives thousands of cycles in a burner rig testing at a 
coating surface temperature of higher than 1 573 K, 
exhibiting very promising potential as a novel TBC 
material [18]. 
Low quality fuels usually contain impurities such as 
sodium and sulfur which can form sodium sulfate on 
the surface of turbine blades. Also, sodium chlorides 
from air or seawater contamination, combined with the 
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gaseous sulfur oxides, are deposited onto the turbine 
blades in service. The deposits would cause hot corro-
sion attack of TBCs. It has been shown that for the 
YSZ TBCs, phase degradation of YSZ could occur due 
to dissolving of yttria in vanadate. On the other hand, 
plenty of pores, cracks and columnar gaps exist in 
plasma sprayed TBCs and electron beam physical va-
por deposition (EB-PVD) TBC, which are passages for 
molten salt’s penetration into the coating. The ther-
mally grown oxides (TGO) could be deteriorated in 
basic or acidic fluxing mechanism. As a result, spalla-
tion failure of TBC occurs, accompanied by acceler-
ated thickening and debonding of TGO. 
So far, little is known as to the hot corrosion of LTA 
TBC. It is necessary to investigate hot corrosion be-
havior and the related failure mechanism of the LTA 
TBC, in order to seek the possibility of using LTA as 
TBC materials. In this work, LTA/YSZ TBCs are 
sprayed onto Ni-based superalloy K3 by atmospheric 
plasma spraying. Hot corrosion behavior and the re-
lated failure mechanism of the TBCs deposited with 
Na2SO4 and NaCl film are investigated. 
2. Experimental 
2.1. Materials and coating preparation 
LTA materials were synthesized by solid-state reac-
tion of powders of La2O3 (99.99%, Grirem Advanced 
Materials Co., Ltd.), TiO2 and Al2O3 (≥99.7%, Shantou 
Xilong Chemical Company, Guangdong) at 1 773 K 
with a holding time of 24 h. 
The powders for plasma spraying were produced by 
spray-dried method. The powders of 25-150 μm were 
selected for spraying LTA coatings. Vacuum plasma 
spraying with an F4 gun was used to deposit Ni-21Co- 
17Cr-12Al-1Y (in wt%) bond coats onto disk shaped 
Ni-based superalloy K3 (∅30 mm×3 mm) with the 
chemical composition listed in Table 1. YSZ coatings 
were then sprayed onto the bond coated specimens in 
an atmosphere plasma spraying unit using a 7 M gun 
(Sulzer Metco). Finally, LTA coatings were sprayed 
on the YSZ coatings. The processing parameters used 
for spraying YSZ and LTA coatings are given in Table 
2, respectively. The sprayed coatings were annealed in 
air at 1 323 K for 5 h for re-crystallization. 
Table 1  Chemical composition of superalloy K3 
Ni Co Cr Al 
Bal. 4.5-6.0 10.0-12.0 5.3-5.9 
Ti Mo W Fe 
2.3-2.9 3.8-4.5 4.8-5.5 <2.0 
Table 2  Processing parameters for plasma spraying of 
LTA/YSZ TBCs 










YSZ 38 75 38 17 35 
LTA 37.3 120 45 12 40 
2.2. Hot corrosion test 
For hot corrosion test, the LTA/YSZ coating was 
heated on a hot plate for 15 min and a supersaturated 
solution of Na2SO4 and NaCl with the ratio of 3∶1 in 
wt% was sprayed using airbrush on the surface of the 
coating such that an area at least 5 mm from the edge 
was left uncoated to avoid accelerated hot corrosion 
through the edge. The salt film was approximately 
3 mg/cm2. The salt coated TBC was heated at 1 223 K 
for 10 h for salt penetration into the coatings. Cyclic 
oxidation tests in air were carried out in a program- 
mable cyclic furnace at 1 373 K. A cycle consists of 
10 min heating and 90 s compressed air cooling. 
Thermal cycling test was stopped when a spallation 
failure of more than 10% surface area of the coating 
occurred. For comparison, the LTA/YSZ TBC without 
salt film was tested in identical condition. 
2.3. Microstructure and chemical analysis 
The thermal cycled LTA/YSZ specimen was 
cleaned in de-ionized water to get rid of the residual 
deposits of the salts. The phases of the LTA coatings 
were identified by X-ray diffraction (XRD, X’ Pert Pro 
MPD, CuKα radiation, Netherlands). The morphologies 
and microstructures of the specimens were character-
ized by scanning electron microscopy (SEM, FEI 
Quanta 600, Netherlands) equipped with energy dis-
persive spectrometer (EDS, Oxford, Britain). Phase 
stability of the LTA coating after hot corrosion was 
investigated by differential scanning calorimeter (DSC, 
Netzsch STA 449C, Germany) in argon atmosphere 
with a heating rate of 20 K/min. 
3. Results and Discussion 
3.1. Plasma-sprayed LTA/YSZ coatings 
The cross-sectional micrograph of the plasma- 
sprayed LTA/YSZ TBC is shown in Fig. 1. A NiCo-
CrAlY bond coat of ~80 μm thickness is coated onto 
the K3 substrate. A YSZ layer of ~170 μm thickness 
and an LTA layer of ~200 μm thickness are sprayed 
onto the bond coat as the bottom ceramic layer and the  
 
Fig. 1  SEM micrograph of cross-section of as-sprayed 
LTA/YSZ TBC. 
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upper ceramic layer, respectively. The binding of LTA 
layer to YSZ layer looks perfect, showing a good melt-
ing condition of LTA powder in the plasma flame. 
3.2. Thermal cycling lifetime of LTA/YSZ coatings 
The salt coated TBC is heated at 1 223 K for 10 h 
for salt penetration into the coatings. Thermal cycling 
of the specimens is performed to evaluate the thermal 
cycling lifetime of the coating exposed to hot corro-
sion environment. The photograph of salt coated 
LTA/YSZ coating thermal cycled for 1 458 times at 
1 373 K is presented in Fig. 2(a). Cracking of the 
coating and the severe corrosion of the uncoated sub-
strate at the rim of the specimen are observed, indicat-
ing that the molten salt has infiltrated to the edge of 
specimen during thermal cycling. In addition, there are 
also some cracks formed near the central area of 
specimen. On the contrary, the LTA/YSZ coating re-
mains intact even after more than 3 033 thermal cycles 
are conducted at 1 373 K in air, as shown in Fig. 2(b). 
 
Fig. 2  Photographs of LTA/YSZ coatings. 
3.3. Phase stability of LTA coating with molten salt 
To identify constituent phases produced after cyclic 
oxidation at 1 373 K with molten salt, LTA/YSZ coat-
ing surfaces are analyzed by XRD. The results are 
shown in Fig. 3. As shown in Fig. 3(b), the as-sprayed 
LTA coating reveals amorphous phase due to rapid 
cooling during deposition of the coating. After 5 h 
annealing at 1 323 K, crystallization of the coating 
occurs (see Fig. 3(c)). Compared to the index peaks of 
LTA as shown in Fig. 3(a), both coatings after 1 458 
hot corrosion cycles and 3 033 thermal cycles in air 
remain the single LTA phase. Meanwhile, there are 
neither endothermic nor exothermal peaks from room 
temperature to 1 573 K in the DSC curve of the coat-
ing after hot corrosion (Fig. 4). This indicates that 
there is no reaction between LTA and the molten salt 
and the LTA reveals good chemical stability in the 
molten salt. 
It has also been suggested by the previous works 
that there is no significant chemical reaction between 
the molten salts of Na2SO4, NaCl and the YSZ, and the 
failure of YSZ TBC is ascribed to the molten salt in the  
 
1—LTA JCPDS card No.37-1233, 2—As-sprayed, 
3—Heat-treated at 1 323 K for 5 h, 4—1 458 hot corrosion cycles, 
5—3 033 thermal cycles in air. 
Fig. 3  XRD patterns of LTA/YSZ coatings. 
 
Fig. 4  DSC curve of LTA coating after 1 458 hot corrosion 
cycles. 
pores and subsequent initiation of microcracks due to 
the volume change in the YSZ TBCs system [19-20]. 
3.4. Cross-sectional morphologies 
The cross-sectional morphologies of LTA/YSZ coat-
ing after thermal cycling are shown in Fig. 5. Compared 
to the as-sprayed coating, more cracks are presented in 
the thermal cycled coatings either in molten salt or in 
air. The increased quantity of cracks can be attributed 
to thermal stresses during thermal cycling.  
Besides, as discussed above, the deposition of mol-
ten salt in the pores can also increase the propensity of 
cracking of coating. There is no doubt that the pres-
ence of the increased cracks would promote the ingress 
of molten salt. The LTA/YSZ coating thermal cycling 
with molten salt is cracked within the oxide layer. 
Meanwhile, the interfaces of LTA/YSZ and YSZ/bond 
coat keep intact, as shown in Fig. 5(a). The bond coat 
is severely oxidized and replaced by porous mixed 
oxides. The mixed oxides are identified by EDS as 
Cr-rich and Ni-rich oxides. However, the LTA/YSZ 
coating is still intimately bonded to the underlying 
bond coat after 3 033 thermal cycles in air. The TGO 
thickness is fairly uniform and is only approximately 
3 μm in average spite more than 500 h thermal expo-
sure, as shown in Fig. 5(b). 
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Fig. 5  Cross-sectional micrographs of LTA/YSZ coatings. 
SEM micrograph and elements mappings of cross- 
section of the specimen with molten salt after thermal 
cycling are shown in Fig. 6. There is some discon-
tinuous oxide formation beneath the YSZ layer. Heavy 
trace of S is even presented near the superalloy sub-
strate, which gives the evidence that molten salt pene-
trated to substrate through the bond coat. The XRD 
pattern of the corroded substrate on which the coating 
is spalled is shown in Fig. 7. Quite a number of NiO, 
spinel, NiMoO4 phases are presented. Besides, some 
NiS is also detected. The XRD result is consistent well 
with the EDS analytical result of Fig. 6, indicating that 
 
 
Fig. 6  Element mappings of cross-section of LTA/YSZ 
coating after 1 458 hot corrosion cycles. 
 
Fig. 7  XRD pattern of the corroded substrate. 
the superalloy suffers from severe oxidation and sulfi-
dation. 
In terms of the above results, the LTA ceramic layer 
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remained good phase stability in molten salt. However, 
molten salt infiltrates through pores and microcracks 
of the ceramic layers or seeps down by the edge effect 
and approaches the bond coat. There is TGO formation 
on the plasma sprayed bond coat usually consists of 
alumina and other spinel oxides. When the TGO is 
coated with the molten sodium sulfate, the dissolution 
of oxides occurs according to the dissolution-oxidation 
fluxing mechanism [21-22]: 
2
4SO
− → O2−+SO3 
Al2O3 + O2− → 22AlO−  
2NiO + O2− + 1
2
O2 → 22NiO−  
Cr2O3 + 2O2− + 
3
2
O2 → 242CrO −  
NaCl may possibly have reacted with the oxide 









+ 4Cl− → 242CrO − + 2Cl2 
Thus, accelerated oxidation of the bond coat tends 
to occur. However, the newly formed oxide layer is not 
dense, continuous and protective. It can be expected 
that the bonding between TBC and the oxide layer will 
be poor. Due to thermal stresses originated during 
thermal cycling, the coating will crack at the oxide 
layer. 
Compared with the standard YSZ TBC, both the ce-
ramic materials i. e. LTA and YSZ reveal good chemi-
cal stability in the molten salt of Na2SO4 and NaCl, as 
observed in the present investigation. The application 
of ceramic coating over MCrAlY bond coat increases 
the hot corrosion life of components. The function of 
the ceramic topcoat is to insulate the metallic coating 
not only from high surface temperature but also from 
the corrosive species. However, the molten salt can 
penetrate into the ceramic coating through the pores 
and reacts with the metallic bond coating in hot corro-
sion test, as shown in the present investigation. Taking 
this into account, barrier coatings with low oxygen 
conductivity and high hot corrosion resistance, such as 
mullite (3Al2O3·2SiO2), BaO·Al2O3·2SiO2, are depos-
ited on the top of ceramic layer to prevent the penetra-
tion of salt into ceramic coating [25]. Application of 
laser-glazing of the ceramic topcoat can increase the 
hot corrosion resistance of TBC as well [26]. 
From the present results, it is also clear that bond 
coating plays a significant role in providing protection 
to the component against hot corrosion. The corrosive 
elements such as sodium, sulfur and oxygen diffuse 
into the bond coat and cause the dissolution of protec-
tive alumina and chromia scales, leading to crack for-
mation and propagation within the oxide scale. The 
durability of the MCrAlY coating can be improved by 
optimizing the chemical composition, coating thick-
ness and coating process (the HVOF technique). In 
spite of the dissolution of protective scales for the 
chemical reactions between the coatings and molten 
salt, the compositionally optimized bond coat contin-
ues to promote the protective scale formation until the 
composition falls to a critical point at which protective 
scales cannot be formed preferentially, thereby pre-
venting the diffusion of corrosive species. 
4. Conclusions 
The hot corrosion behavior of LTA/YSZ TBCs ex-
posed to the molten salt of Na2SO4 and NaCl at 
1 373 K is investigated, and the conclusions can be 
drawn as follows: 
1) LTA/YSZ TBCs survive 1 458 hot corrosion cy-
cles with salt film of approximately 3 mg/cm2 and 
crack within the oxide layer. In contrast to this, the 
LTA/YSZ TBCs without molten salt remains intact 
even after 3 033 thermal cycles.  
2) Decomposition of LTA does not occur after hot 
corrosion test, revealing the good chemical stability of 
LTA in molten salt. 
3) The molten salt infiltrates to the bond coat th- 
rough the cracks and pores of the ceramic layer, re-
sulting in dissolving of the thermally grown oxide in 
the molten salt and hot corrosion of the bond coat. 
Finally, LTA/YSZ coatings fail. 
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